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THE GASEOUS EXPLOSIVE REACTION-THE EFFECT OF PRESSURE ON THE RATE
OF PROPAGATION OF THE REACTION ZONE AND UPON THE RATE OF MOLEC-
ULAR TRANSFORMATION

By F. ‘W. &EVENS

SUMMARY

1. An application of con8tant-pressuremethad~to the
study OJnormal burning explosice reactions, whereby the
same reaction may be studied orer a range of conetant
premureeJ?om 100 mm mercury to 3,W0 mm, has bwn
describedfor a number OJgaseaus reactions of di$erent
reuction order8. The work wus carried cd at the request
and w“ththe$nancial assistanceof the National Adoisory
Committeefor Aeronautics.

When the reaction takes pluce at constant rolu-methe
unburned attire gases may be progresm”relysubjected to
pressures cmying, say,from 1 to 10 or more atmospheres
in a re~ smallfraction of a 8econd. T7wreaetion period
is so short thatthe q$ect of the rapidly inereaeing pre8eure
an the rate of propagation of the reucttin zone and on
the rate of m.olecukwtransformation within it become8
practically impossible to determine. But by the conetant-
pressure method described, the instant presswre corre-
sponding to any stage in the progress of the condant
rolume reaction muy be duplicatedand inde~nitely main-
tained so that the efect of the pres8uxe on the rate of
propagation of the reaction zonefor all mixture ratios of
the gt”cenjuel that W-ll ignite may be readily measured.

9. The results obtained by this study incotre more
than S,600 records and cocer readian orders from 3 to
M; they wouki indicate that, orer the pressure range
mamined, the rate of propagation of the reaction zone,
measured relatire to the ah”ze gases, is indepwuient of
pressure; and thut, in comwquence,the rate of nwlecular
{energy) tranefomnationwithin the zone h proportional
to pressure.

9. Since an impact+eaciion theory predict8 the eject
of pressure on the rate of moleeular g~eous tran#orma-
tiuns when the order of the transfornudwn n is known,
wnrersely, when the e$ect of the pre8sure on the rate of
molecular transformation may be determined, the oalue
of n, in terms of an impact theory, may befound. Z%e
ezperirnental results thut hme been obtained indicate
that in all cases of the normal burning reaction process,
irreapectire of the reaction order ~“ren by the stm”chw-
metrie equatim, the rate of mole&r transformation
within the reaction zone ie proportional to presmcre;
indicating that in thisform of reaction, n =S.

Under the heading “Remarks,” there are compared
and discussedthe time-diepl.acement$gures of the reaction
zone obtained under conditions of constant pressure and

.-

of constant robume. It is there shown thut in a homo-
geneous mtiure of explotire ga8es thefactor that a~ects
the uniform linear displacement of the zone is the mass —.
morement of the gum carrying it, the rate of propagation
of the zone wdhin the gaees being constant and inde-
pendent of their mass morement.

There is also pointed out with illustrative examples, ._
the aduanta.geof applyi~ the principle of 8yrnmetryin
8iudying the behmior of the reactt%nzone, in rigid con-
tainer, where it8 marements are so profoundly afected
by the mass nwretneni of the attire gaees set up by the
explow”rereactwn.

~e&ndi’8 experimental imvdigatiorus concerning
the limits of detonationin gwwus mixturesare refined to,
since the present study deali~ with the efect of pressure
on the normul burning reuotian zone nuturally leads to
a considertin of those pressure-temperature condition
more farorable to the inception of the exploa”ce ware
reaetion than to a coniinuution of the normal burning
reaction fwm. Tle method employed in the present
study approaches this borderland from the normul
burning reaction.

-—-
TJ’e&ndt’8 method approaches it

from the ezploshe ware recutwn.
methodslead to the same resd in
expliwicereaction.

It is 8ho-wnthat both
theca8e of the CO, 01

The condant pressure bomb made me of in Wu@ing
the efect of pressure on the normal burning reaction is a
c?.08eapproach to an ideal e~perimental engine, The
time+olumefigures of the reaction obtained at any oon-

——

Want pressure p, gire accurately the work done by the
explosire reaction of a giren charge. The eqerirnental
resuLt8thuthare been gI”renfor increasing pressures 8h0w
the effect of “supercharging” on this engine. It 18
shown thut the eject of supercharging on the work done
by the engine is directlyproportional to pressure; that h,

-.

to the concentration of the charge —
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INTRODUCTION—DEVICE AND METHOD

hl order to observe the effect of pressure on the
rate of propagation of the reaction zone in gasems
explosive reactions, the device and method d,estibed
below were made use of: A (Figure 1) is a large cast
sphericaI bomb of 38 cm inside radius, provided with
two opposite windows WI and Wx, of heavy glass.
The pressure within this bomb could be conveniently
controlled over a range of pressures between 100 mm
and 3,OOOmm mercury. B is a common soap bubble
holding temporarily the explosive mixture of gases.
T is a tube connecting with the explosive mixture held
under a pressure somewhat above the pressure in the
large bomb. P connects with a pressure or vacuum
tank controlling the pressure in the bomb. C is a
cup containing the soap solution that may be brought
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mannei is shown at Figure 2, The number recorded
in the circle of the silhouette corresponds to the number
of the notation in the notebook.

Figure 2 represents also a continuous photographic
time-volume record of the explosive transformation of
the syhere of active gases to be considered, The
initial diameter of this sphere is 2r—the horizontal
width of the bubble, The bubble itself is not a sphere,
but ,the zone of reaction originating at the spark g~p
is a sphere similar in some respects to a sound wave

originating at that point and expanding within tho
homogeneous gaseous mixture at a uniform rate.
When the dimension 2r has been secured on the photo-
graphic film at rest, the drum is set in rapid rot~tion
and an ignition spark passed. The instant of ignition “
is th~ marked on the moving film whose speed is

E w~
KS
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Topreseure tank

in contact with the aperture of T from which the
bubble is blown. F is a calibrated tuning fork pro-
vided with shuttem illuminated by the arc E. h
image of the illuminated tuning fork slit is formed
cIose to and at one side of the spark gap G. A camera
S, placed at a convenient distance from G is focused
on G and therefore on the image of the illuminated
dit at one side of G and on the walls of the bubble
lying in this focal plane. A sensitive photographic
film (an oscillograph film is used) is attached to the
drum D whose rate of ro tmtion, also its position on
its axis, may be mntrolled. K is a screen with a
narrow (2 mm) horizontal slit. Vtlen the drum is at
rest and the bubble ihrninated from the window W2,
a silhouette of the spark gap, G and the egdes of the
bubbIe at each side of G is obtained. A photograph
of a millimeter scale placed in this pIane gives the
relation of the actual &meneiona to those recorded on
the film. A reproduction of a silhouette made in this

registered by the time impressions imposed by the
light flashes through the shutters of the tuning fork.
Synchronous with these records is the continuous
record- of the horizontal movement of the expanding
spherical zone of reaction, The photographic rccorcls
obtained in this way show the linear rata of displace-
ment of the zone to be constant for the condition of
constant pressure.

Since the speed of the film is known from the time
record marked upon it, the inclination of tho flame
trace to the horizontal gives the linear rate, s’, at
which the zone of reaction is displaced in spnc.o. This
rate of displacement, s’, in space, is not, ho~vevcr, the
rate at which the zone is penetrating the active gases
and thus effecting their transformation; this is bccausc
the gases supporting the flame are also m motion out-’
ward from the point of ignition. The actual ratc~js,L...
at wluch the zone propagates itself within the active
gasesl_thus effecting their transformation, is, undur
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those conditions of constant pressure described, less
than the obserred rate of displacement, s’, of the zone
in space, by the rate at which the gases carrying the
zone are at the same time moving outward from the
point of ignition. The method here described not only
permits the necessary distinction to be made between
the rate of propagation, s, of the zone and its rate of
displacement in space, s’, it permits rdso, under the
conditions of constant pressure, both these magnitudes
to be determined:

$ (Reference 26, p. 8)8=$! — (1)

where r’ is the maximum radius attained b~ the ex-
panding spherical zone of reaction inclosing the reac-
tion products.1

An examination of the time-vohune figures obtained
from the explosive reaction at constant pressure of
many simpIe gases and of composite fuels made up of
known mixtures of simple gases and hydrocarbon fuels
has shown a relation to exist between the rate of
propagation, s, of the reaction zone and the pmtial
pressures (concentrations) of the active gases in which
the zone propagates itself. The relaiion found (Refer-
ence 4) may be expressed in general terms dravm from
the stoichiometric equation written for compIete com-
bustion of the fuel,

s = kl [F]’1 [02]’2 (2)

where [~ and [02] are the partial pressures of the fuei
and o~gen; ml and nz their respective coefficients in
the equation

nlF + nzOz= n3COl+ nJIzO. (3)

Site ~ maybe directly determined,

k,=; (4)

where I’ is the product, P]X1 [O~]’z.
The reIation expressed in (2) has been found to hoId
for aHthe fuel combinations that have been examined.
These have included an examination of all reaction
orders, nl + n~,from 3 to 15.

1Studies thsthere hewn msde of the belm~Ior of the reaetlon zone In gaesxre
e@r&e resctfone frav%fn genere~ Men mndned to the ohserretkm and dekmlns-
tlmr of the ram’s diwdecement in SPOCe. Qnlte as frequently ttds observed mte of
SIEM81dlsplrwement hes ermneoueIy kn considered Its mte ofpropegetfon W has
hem so deefgnated. Sfnee the rete ofpmpagst[on of the rone relstire to the geses,
w If they were at reeL is Independent o[the mass mmmfnent ofthe gasm (Refecenms
L 2, 3j, it fs evfdent the.t Its s@ial rete of dfspleeemeest M okrmd tnder those
cmdttione of eonstsnt volume wh~ the mass mowzwnts of the @em folfowti
I@tfon become hfghIy warhble both in -tude snd dfreetio~ msy be a mosl
mkkndlrrg fndes to the moleenlar (energy) trensfornrntion of the @.SMUS616tem.
Fnfem the experimental metkd em@o@ permits both the ma@tude and dlrec-
tkm of the M rnorernent of the Ksses esrryfng the zone to be determlnd, the rsfe
of prorogation of the normel burning zone mrdd not be obtsined fmm tfme-dls-
deeement Mu*

The purpose of undertaking the present study was
to determine, if possible, the effect of pressure on the
vaIue ofs in the above expression, (1); and the purpose

.—

of the large ticIosing sphere at the center of -which it
:—

is arranged that the reaction take pIace, is to provide
difTerent pressures that shouId remain during the
explosive transformation, as nea.dy constant as could
be provided for con~eniently.

-—-—.—— ----

It is, of course, impossible, owing to the rapid rate of
expansion of the reaction products as they pass the
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reaction zone, to maintain unchanged, even in free
space>the initial pressure,pl, of the active gases durin~
their transformation; but since their rate of expansion
in free space is found to be constant and may be known,
the constant irnpuIsepressure, pz, at which the reaction
does take place will be givwn by

.-

.

where p is the density of the gas-es. As lorg as the
value of s’ remains well beIow the -reIocity of sound in
the gases—which is the case in the explosive form of
reaction (normal btig) here considered-it may
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be seen that the value of ~s’zissma.ll and may be

negligible,z
By the method employed, the expIosive reaction

takes place in a spherical bomb of constant volume of
large size as compared with the initial spherical volume
of explosive gases held temporarily at its center. The
vohime of the incIosing bomb is 230,000 cm8. The
initial volume of the active gases employed never
exceeded 500 cm8. The pressnre within the bomb at
the end of the reaction will be gre~ter than the initial

G
t
+
.

i
4

FIGURE 3

pressure by an amount proportional to the increase at
initial pressure of the vohme of active gases exploded.
The pre~ure increaaewithin the inclosing bomb during
the reaction process could, therefore, be controlled by
controlling the initial vohqnes of the active gases.
This practice was followed. In none of the records

~When the normal burning reaction takes place under conditions of mnattmt vol-
ume the unburned active gasm maY be subkct~ to mP!~Y fncr=~w PIWWUIS
(@m@3nW~on)as the mactfon prom$da. Besidestw sourceof pressurehrorease,
they may rewive almost instant pressure Increaes from the passage of sound or hn-
pact wa’wa reflected kmk from the con~ner walk In cam the presure Inerwsa
from any cmrse !s qofek enoogb and Intenaeenongh h rafw the Wrnpamhrre of rmy
Iocaltmd pmtfon of the actke M above thcfr fgnftion mint, the propagation ofa
reaction mne from tbfs instant, and fmm We pofnt, maY Proced by wfte different
means than that by normal burning, via, by the Berthelot axploshe wavti (Refer-
enoaaS, 6,7,8,9, 10,11.)

The abrupt change tn the groeemedranfsm of the reaction from lte thermal (nor-
nnd burning) form to that of the exrdc+dvewave-a change mardfmted by a great
lnoreasa in the rateof propagation-recalfa the ebnrpt change in external featurae of
the, reaction from its elow form Mow fgrdtlon temperature Inta the form endderdy
fnduced at same Pufnt by temperetnra fncrwa end rwognfzed by the apmarnnre of
tlnme a? exploefve, The borderland between these Iaat two rractIon forms has been
extierrefvelyinveetIgatcd by Bodenatefn. (Reference 1!4.) A sImiIar Invcstigatfon
of the borderland between normal burning and detonation has been rmdertaken by
Wendlandt. (Raferenc=3IO.) There are stllI other mock known by whfcb the
gaaeous tmnaformationmay taka placw The two active @sea may form the ak
ttiea Ofa galvanic cdl (gas cdl). (Refamnca 18,P. 867.) The tramformetion of
active mea maY alao be effeetd by homberdment of alpha raye. (Reference 14.)
AHof them modes, involving the same transformation, lead h the same emdlfbrhmr
for the came tamperet-um and pressom conditions. They thus relate to the acme
etofcidometrfo eqnatfone and their cmrrwponding reaction energy and provide an
tnstrnctfve fIlnatration of the aesond law. Thst a given energy transformation 1s
independent of the mode or way by whleh the trendormetfonfebronght nbout and
depends orif on the fnftlal and and candftfon of the proeeee.
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secured did the pressure increase within tho inclosing
bomb reach 4 per cent. In most cases—thoso differing
from equivalent mixture ratios—the pressuro increase
was le]ow 1 per cent. The range of pressures, how-
ever, over which the reaction was observed, varied by
as much as twentyfold.

RESULTS

The following expIosive reactions were studic&
These are indicated by their stoickiometric equations
for complete combustion:

. . --
1. 2@+ 0, = 2C0,.

:: IT. C&+2 o, = Coi + 2H*0.
. .

N III. 2C,H,0 + 130, = 8C03+ 10 H,O.
IV. 1.8F+ 1.20, = 1.8C0, + 0.41L0.
V. 1.5)?+1.50,=1.5C0,+H,0.

The range of pressures over which the oxplosivo
reaction of these fuels WSEstudied extxmdcd, upon
the whoIe, from 100 mm mercury to 2,650 mm, usu-
ally in steps of 100 mm. The basis of analysis of thcso
data-was not. the comparison of a few seIected results,
but a comparison of the curves and data representing
the entire range of explosive reaction for any given
fuel and pressure. By following this proccdura it WRS
possibIe to compare actual results with those calcu-
lated from a statistical formula based on the ordm of
the stiichiometric equation. The entire data are too
numerous to be reproduced here; instead, a fcw ex-
amples drawn from the large number of tabulated
results obtained will be shown in the form of coordi-
nate figures as ihatrating the method and tho nature
of the resulte obtained in all cases.

Fuel I—Carbon monoxide.—Figure 3 shows the
observed relation between the values ofs in cquntion
(I) and the value of the corresponding initiaI partial

~ of the reacting componcnta.pressure ratio o, The

observed rates of propagation in free (atmospheric)
space, 760 mm, measured relative to the active gases,
are represented in the figure by filIed circles . . Tho
same values were found when the reaction took placo
withh” the large inclosing bomb at initiaI pressure,
760 &n. The observed rates of propagation of the
reaction zone when the initial pressure in the inclosing.-L
bomb was 200 mm are indicahd on the figure by the
mark A. When the initial pressure in the large bomb
was 2,530 mm, the observed values of s found are
marked ❑ . Values ofs calculatd from tho sttitistictil
expression, for 700 mm, s =691 [CO]* [01], arc marked
on F&re 3 by open circles O and continuous line,

Fuel III-Butane.-Figure 4 oxprcsses the samo “‘
reIatiop between values of partiaI pressure ratios
C4HI0

T-
and observed values of s as does Figuro 3.

Marks . represent observed values of s when the
initial pressure in the inclosing bomb was 760 mm.
The mark A indicates values of s observed when tho
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initial pressure in the huge bomb was 200 mm. Values
of s calculated from the equation s= 172,430[C4HIO]Z
10,]’$ are marked on the figure by open circles O “and
a continuous line.

Fuel IV is an example of a composite fuel made up
of S8.9 parts by volume of carbon monoxide and 11.1
parts methane. The stoichiometric equation for com-

,-.-.,,7
ml .80

[Lp”]
.6D .40

[0.]
20.0

~GUEE4

plete combustion of each component of this fuel is of
the third order. The equation for complete combus-
tion of a fueI composed of these two gases millbe of the
same order. (Reference 11, p. 15.) For Fuel IV it
will be

1.8F+ 1.202= 1.8C0,+ 0.4H,0

The partial pressure ratio for ma.xhum s w-ill be
0.60 ~]
0.40 [0,] ; andsince thevelocity constant of the reaction

zone in the 2C0 + Oz-react,ion is kl = 691, and in the
C&+ 2 Oi+reaction is 4,240, the velocity constant of
the reaction zone for a fuel made up of th~ com-
ponents in the proportion given, ~ be k== 1,450.
(Reference 15, p. 15.) The vaJue of s then for any
mixture ratio of this fuel and oggen at 1 atmosphere
should be s = l,450~]la[OJa. The mark 0 and
continuous line in F~re 5 represent values of s com-
puted from the above equation. The mark . repre-

sents vaIues of s observed when the initiaI pressure of
the inclosing bomb was 760 mm. The mark ❑ indi-
cates observed vrdues of s when the initial pressure in
the incIosing bomb was 1,520 mm.

The above resuIts, typical of all those obtained
with the fuels mentioned, wotid in&cate that the

linear rate of propagation s, measured relative to the
active gases, is independent of pressure over the pres-
sure range that has been examined; and that in
consequence the rate of moIecular (energy) transf-
ormation within the reaction zone is proport.ionaI to
prmure.

Site alI of the factors ;eIating to the rate of trans-
formation of a gaseous system by the spatial propaga-
tion within it of a locaIized zone of reaction are thermo-
dynamic factors derived soleIy from initial and final
condition of the gaseous system, it wouId folIow that
the present method couId throw no direct light on
the microprocesses occurring within the reaction zone.
By the present method it is only possible to consider
those inferences that may be draw-nfrom experimental
resuh obtained, interpreted in terms of some theory
construeted to represent the ultimate microproceases
of the transformation. For example, the classical
chemical kinetic theory of impacts based on the order
of the stoichiometric equation written for complete
combustion would require the effect of pressure on
the rate of molecular transformation to be propor-
tional to p’-~ where n is the order of the stoichio-
metric equation, instead of p%l required by the ex-
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perimentaI results above given. This theory involves
the assumption that because the initial components at
the close of the reaction (equilibrhun) are found to be
united in a certain definite order, the same order of
union must have prevaiIed at every other stage of
the reaction process. That assumption, necessarily
consistent with eqdibria data and results, h~ not
been found to hold for rates of pol.ymoIecular tmns-
formations. ELigh-orderreactions seem to proceed by
many simultaneous simple ones, each running its
course according to its own ultimate order and mech-
anism independently of any other reactions occurring

●
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at the same time. (Reference 16, p. 239; Reference
17, p. 877; Reference 13, p. 651; Reference 18, p. 347.)
It may be seen that the experimental results given in
this paper are in harmony with other observations on
reaction rates of. high-order transformations, in re-
quirhg a much simpler ultimate order of uniogs than
that given by the stoichiornetric equation. Concern-
ing the probabIe value of the ultimate reaction order
as interpreted in terms of an impact theory, from the
experimental results given, the following observations
are offered.

Since a statistical theory of impacts predicts the
effect of pressure on the rate of gaseous molecular
transformations for cases where. the reaction order n
may be known; conversely (Reference 13, p. 653), a
direct experimental determination of the effect of
pressure on the rate of propagation of the reaction
zone within the gases, and on the rate of mokwular
transformation within the zone, should give hdica-
tion in terms of the consequences of an impact theory,
of the probable order n, of the reaction procees occur-
ring in any particular case. Such experimental evi-
dence, if an impact theory or its equivalent is to be
retained, should be more significant than the assump-
tion of a reaction order based on the final (equilibrium)
fact~rs of the reaction, The results obtained in the
present study have shown in all cases, irrespective of
the order given by the stoichiometric equation, that
the rate of transformation within the reaction zone
ic proportional to pressure. This result interpreted
in terms of a simple impact theory of reaction would
correspond to reaction orders within the zone of
binaly systems.

lt has been due largely to the attention given of
late k investigations of gaseous explosive reactions
that the chemical kinetic theory based on a reaction
order as given by the stoichiornetric equation has
been graduaLly abandoned in favor of much simpler
reaction orders indicated by expcfimental results,
notably the high-order explosive reactions of the
hydrocarbons employed as fuels. Such a modem
kinetic theory that still retains the concept of impacts
together with the usual chemical symbols in express-
ing a simplified mechanism of a progressive reaction
process is tho kinetic theory of chain reactions.
I?undrtmentallythe mechanism offered by this theory
is also a binary one as indicated also by the experi-
mental reswlts given in this pnper. In reference to
the explosive reaction involtig saturated hydro-
carbons, Semenoff (Reference 18, p. 363) remarlis:

Thereare sufficientgroundsfor aasumingalso that the ex-
plosionsof saturatedhydrocarbonswith oxygenare similarly
a~ainreactions. In agreement..withthis,for instance,is their
known sensitivityta various“antiknocks” Presentin even
minutequantities.

COMMITtt’EE FOR AERONAUTICS

REMARICS

The remarks that follow are intmded LOpoint OUL
in as_simple and nontechnical a way as possible the -.
reIation between quantitative results Qbtairmd from
studies of the g-roes mechmism of the gaseous ex-
plosive reaction and some of its chrmctmistics m .
observed and interpreted from the stamipoint of its
technical and indust~ial application as a source of
power. It, is from this standpoint that the reaction
has its greatest general interest. Fortunately, in this
case= in many others, generaI and theoretical interest
are not far apart.

Au extensive practical working acqunintarm }~it-h
gasebns explosions has resulted from the common use
of gas engines, From a technical standpoint-as was
the case in the development of the steam engine–-rapid
empirical progress has been mado towrird n more efE-
cient tranefornmt.ioninto work of the energy delivered
to the working fluid of the engine by the explosive
reaction. This line of empirical development con-
tinues to provide in large rnew.uroincentive+ to indus-
trial tests and investigations that have Ied naturally
to studies dealing with thermodynRrnic theoriw of the
gas engine. (Reference 19.) To this end there
already existed at hand the thermodynamic unalysis
of an engine cycle operating with air as a workhg
fluid. Largely on account of the inadequacy of such
a cycle as a standard of reference to take account of
the molecular transformations and other physical
changes that occur in the actuaI working fluid of tho
gas engine (Reference 20), these thermodynamic con-
siderations lead in their turn to the moro intinmte and
fundamental aspects of the problem, namely, to a con-
sideration of the thermodynamics (and kinetics) of the
gaseous expIosive reaction that is tho source of the
ena#ne’spower. (Reference 8.)

The grouping of individual power units about a com-
mon shaft in order to obtain a unit of increased power,
presented a number of technical problrms involving
rates. Primarily these rates had to do with cffcc tivc
uniform fueling of the system and its igniLion. But
these mecha?ticaltiming processw also require nccuratc
coo~nation with the rate of molecular (energy) trans-
formation of the fuel employed under the conditions
imposed by the ergine. Thus in much the smnc way
that thermodynamic considerations of gas engine per-
formance led gradually to a consideration of tho ther-
modynamics of the gaseous explosive reaction that is
the source of the engine’s power, so also tho intensive
effort,directed @vsrd the cfllcient coordination of high-
speed pr~cesses h~ve directed attention to prhwiplcs
underlying the kinetics of the samo reaction. It was
natural that the &t efforts in this direction should be
directed to the most obvious characteristic of the rcac-
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tion-the flame. From the first it was assumed that
the spread of the ffame within the gases effected their
transformation. The explanation of the explosive re-
action process given by van’t Hoff (Reference 21) was
consistent with thermodynamic results and by the same
token the chemical kinetic theory he advanced and the
later modifications made by Arrheniue were generalIy
accepted also. A survey, ho-ivever, of the very great
number of attempts thELthave been made to determine
a relation between th~ rate of flame mo+ement and the
rate of moIecular transformation millshow that in most
cases it has been the rate of &placement of the reac-
tion zone in space that lmsbeen determined and not the
rate of propagation of the zone relative to the gases it
transforms. The rate of displacement of the zone in
space is not its rate of propagation within the active
gases. AIthough this necessary distinction was early
pointed out and experimentally observed by Bunsen
(Reference 22) as early as 1867, by Gouy in 1S79
(Reference 1), and again insisted on by IIelmholtz and
Kundt in 1889 (Reference 2), this very necessary dis-
tinction between the rate of propagation of the reac-
tion zone tithin the gases and its rate of displacement
in space has been quite. overbooked. There has been
overIookecI aIso an important characteristic of the reac-
tion zone in effecting the molecular transformation of
the active gases, established by the work of the early
inves~matora mentioned above; it is this: The rate oj
propagation oj the reaction sone within the gases G inde-
pendent gf the rna8s morement of the gases. To this
characteristic of the zone the experimental data given
in this paper would indicate that, over the pressure
range examined, the rate of propagation of the reaction
zone within the gases is independent of pre8eure. This
result would necessitate the consequence that: The rate
of molecular transformation within the reaction zone is
proportional to pres8ure.

In the correlation of mechanical and reaction proc-
essesin the engine’s operation, it is the rate of molecukr
(energy) transformation of the gaseous charge that is the
essential factor required. The gross factors controlling
this rate in the normal burning reaction determine the
period of the transformation. For the case of any given
gaseous charge thisrate of moIecular transformation
wilI depend on—

0) The Linearrate at which the active gaseous com-
ponents pass the reaction zone (the rate of propagation
of the zone within the gases).

(2) upon the partiaI pressure (concentration) of the
active gases.

(3) Upon the effective area of the zone within the
gases.

AII of these gross factors are involved in any gaseous
explosive transformation and are affected by the con-
ditions imposed on the reaction.

In the SIOWtransformation of the gases below igni-
tion temperature, to which form of reaction the greatest

amount of attention has been given and from which
those laws and principles that we possess have been
IargeIy drawn, the greatest care and ingenuity possible
has been de-roted to the controI of conditions (preawre
or volume and temperature) imposed on the reaction
in order to determine the.weffect on the transforma-
tion. The expIosive form of reaction, on the contrary,
when once started, is autumatic in its progress, deter-
mining its own temperature and pressure within the
reaction zone. N&~er of these conditions is suscept-
ible of controI in the same sense or with the same pre-
cision as in the slow reaction. Methods and devices
developed in the study of the slow reaction can not be
directly applied to the inv~”tigation of the expIosive
form. Other means adapted as well as possiblo to the
gross mechanism of the reaction’s explosive form have
been devised and empIoyed to study the characteristic
of the reaction under conditions imposed by its tech-
nical and industrkd applications. These characteria-
tice, together with the experimented methods devised
for their investigation are beet considered from the
standpoint of particular cases and the line of develop-
ment that has Ied to their use.

1, The gross mechanism of the reaction at constant
pressure and at constant voIume—The principIe of sym-
metry.-NearIy every investigator who has studied the
characteristics of the gross nmohanism of the gaseous
espIosive reaction as seen to take p~ace in rigid con-
tainers has made the observation that for a longer
or a shorter period after ibtition-dependi~~ on the
size and shape of the container and the position and
mode of ignition-the rate of displacement of the re-
action zone in space remains uniform. This is because
the idial conditions, for a short intervaI following
iggtion, remain unchanged if the container is of fair
size and there is considerable free way about the G:”
tion point., During this short interval the conditions
are comparable to constant pressure conditions and
the reaction proceeds as described for those conditions
in tne case of the constant pressure bomb. During
the short period following ignition under constant
vohune conditions, the reaction zone maintain.. its
symmetrical spherical form, and the uniform mass
movement of the gases avvay from the ignition ~oint
is not yet checked in their ‘outward movement by
the container mLIs. As the reaction proceeds, how-
ever, this symmetry of form of the reaction zone and
the uniformity of movement of the gases is soon lost
in most cases under constant -rohune conditions. This
is owing principally to the effect of the container walls
on the movement of the gases carrying the reaction
zone. Following ignition, the reaction zone is not
the only disturbance propagated within the gaseous
system. The hydrodynamics of the fluid is usually
the more obvious feature of the phenomenon, and in
most constant volume cases effectually veiIs the rate
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of propagation of the reaction zone within the moving
gases-so largely is its observed displacement in space
the result of the mass movement of the gases?

If not the bt to appreciate the esential conditions
remdtingin symmetry of form and uniformity of move-
ment of the reaction zone in homogeneous gases, Lan-
gen (Reference 23), an automotive engineer engaged
in thermodynamic problems of the gas engine, was the
first to take practical advantage of them. He realized
clearly that the motion of the normal burning reaction
zone as observed in space—like a man walking along a
train of mov& box cars-was made up at all times of
the rate at which the zone was moving relative to the
gases carrying it, and the mass movement of the gases
themselves. Realizing this, he further saw that if the
explosive reaction in homogeneous gases originated at
the center of a spherical bomb of constant volume,
then the reaction zone together with the hydrodynamic.
disturbance set up in the homogeneous fluid at the same
point, must sLImaintain, during the transformation,
positions concentrically symmetrical with the ignition
point and with the spherical bomb. In this way the
hetit loaaes-large and indeterminate in his engine
cylinder during the explosion process-would, by this
modified experimental form of container, be reduced
to unavoidable losses due to radiation. Losses by
conduction and convection would be avoided, because,
by this arrangement, the reaction zone and the reaction
(equilibrium) products inclosed wittin it would not
come in contact with the walls of the container till the
reaction was complet.ed and maximum pressure at-
tained. Langen’s device and method, having regard
both to the dynamics of the engine’s fluid and to the
consequent symmetry of all the processm occurring in
it as a result of the transformation, has become an
instrument of precision (Reference 13, p. 783) specially
applicable to thermodynamic studies of gaseous ex-
plosive reactions, particularly those of prime impor-
tance to a more thorough knowledge of the thermo-
dynamics of the gas engine (Reference 15, p. 5).

If, now, a transparent spherical bomb of glass be
substituted for Langen’s opaque one of steel, the sym-
metry of the gross mechanism of the gaseous ex-plosive
process, together with the symmetry of the dynamic
dist&bances accompanying” it, assumed by Langen to
prevail when ignition bccurs at the center, may be
beautifully shown photographically in the same way
as that described at the beginning of this paper for
the explosive reaction as it occurs in a transparent
bomb of constant pressure. Fgu.re 6 is such a photo-
graph. It should be compared with Figure 2; for these
two figuras, 2 and 6, reveal the gross characteristics of
the reaction under the two fundamental conditions,

s For exempl% in the rase of Fuel III gfven in this paper (see sfso Reference 4,
p. 6, Table I), the rate of displacement in SEWSof the rasction rane was obsmvsd
to ba SXU20cm per secund, while M rate of momwation relative fmMe active @ss
as if they were at rest: that is the rate oftransformation wee only 4S3em perword.
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constant pressure and constant volume, in their
simplest and most symmetrical forms. —

A series of photographic records of the reaction ol)-
tained as was Figure 6 (at constant volume) of all mix-
ture ratios of the given fuel and oxygen that will unite,
provide visurd evidence not only of the correctness of
Lan@n’s assumption as to symmetry; they provide .,
also qualitative confirmation of the results that have
been given of the tiect of different constant pressures
on the rate of propagation of thd reaction zone within
the g~es and the rate of molecular transformation .
withig the zone, at much higher pressures than those
enployed in securing the data that has already been
given. Unfortunatdy, the constant volume figures
secured in this way do not afford data for accurato
quarititative estimation of rates, since neither t.hornte
of mass movement of the gases carrying the zone nor
the rate of pressure increase may bo accurately esti-
mated from the constant volume figures. It was for
this reason that the method described at the beginning
of this paper was employed. That method allows the
same reaction that occurs within a brief frndion of a
second under the condition of constant volume, to be
deliberately studied piecemeal at progressively differ-
ent known constant pressures, and the speeds of prop-
agation of the reaction zone cormponding to these
pressures (concentrations) to be directly detwmincd,
The figures obtained by the same process within n
small part of a second with the transparent bomb of
constant vohune should, however, show qualitative
agreement with the experimental results already given

& inspection of Figure 6—typical of all of the
figur~ secured with the spherical glass bomb of con- .
stsnt volume with central ignition-will show that
the rate of displacement of the reaction zone is max-
imum. and uniform for a shor~ interval after ignition
and corresponds to the rate of displacement s’ in
space. of the zone at constant pressure; but as the
spherical zone continues to advance, tho outward mass
movement of the gases carrying it is impeded more and
more by the walls of the sphere. hTearthe surface
of the sphere, the outward motion of the remaining
layw: .of unburned gases, now highly compressed, is
checked and the rate of displacement of the zone as
observed in space becomes minimum and corresponds
to the rate of propagations of the raction zone within
the gases as if they were at rmt.

The progressive displacement in space of tho reaction
zone .in effecting the transformation of the gases in
the glass sphere-recorded in Figure 6—may be rep-
resented in another way: If the reaction period shown
in this figure be divided into a number of equal inter-
vals, the radius of the spherical reaction zone, and
hence the position of the zone within the sphcro at “”
the end of each interval, maybe represented. Figuro
7 is such a figure drawn from the photographic record,
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FIGURE 6

F~re 6. It shows, perhaps more phinly than F-
6, the decrease in the rate of displacement of the zone
as it approaches the walls of the sphere, due to the
decrease in the rate of the mass movement of the
gases carryhg it. This decrease in the rate of dis-
placement of the zone as it approaches the rate of
propagation is accompanied by a very rapid rise
in the rate of molecular transformation (pressure).

As already stated, the total rate of molecular trans-
formation during the progress of the reaction in the
bomb depends on three factors: (1) The linear rate at
which the active gaseous components pass the reac-
tion zone (the rate of propagation of the zone within
the gases); (2) upon the partial pressure (concentra-
tion] of the acti~e gases; (3) upon the effective area
of the zone within the gases. Since by (1) the rate
of propagations of the zone within the gases remains
constant during the reaction, and by (2) the molecuIar

FIWJEX 7

transformation increases with the pressure, and by (3)
the effective area of the zone increases as the square
of its radius, it viouId follow that the total rate of
molectiar reaction should increase rapidly as the
transformation proceeds from ignition, reaching its
maximum value during the transformation of the last
layer of active gases at the vmllsof the spherical bomb.
The entire reaction process in which the initial condi-
tions of pressure and temperature of the active gases
changes to a final condition of high pressure and a
high temperature corresponding to their degree of
cornpreasion at the close of the reaction, may occw
in a small fraction of a second. The conditions that
remdt near the termination of the reaction, high initial
temperature and high pressure, are favorable to the
development in this region of an explosive wave.
(l?ootnote, p. 4.)
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The rate of increase of molecular transformation
during the reaction within a spherical bomb of constant
volume with central ignition is proportional, barring
heat losses to the rahe of pressure increase during the

, t
0.01 sec.

t

Fmurm 8

reaction, and, since the final pressure is proportional
to the mean temperature of the final gaseous product
(equilibrium) in the bomb, Pier (Reference 24) was
able, by the application of Langen’s method, to make
use of these relations in the determination of the
specific heats of gases forming the working fluid
of the engine at the high temperatures at which they
are employed, Figure 8 reproduces Pier’s time-
pressure curve corresponding to the timedisplacement
figure of the reaction zone given by Figure 6. A com-
parison of these two figures iS therefore of interest as
showing how the rate of displacement of the reaction
zone is related to the rate of molecular transformation
of a gaseous system in a spherical bomb of constant
volume and central ignition: It may be seen from
Figure 8 that the rate of pressure increase (molecular
transformation) during the first time interval of the
reaction is practicably negligible. During the same
time interval Fi=gure6 shows that the rate of displace-
ment of the reaction zone is maximum. During this
interval (1} the rate of propagation of the zone within
the active gases has its constant value for that fuel
mixture; (2) the partial pressures (concentrations) of
the active gases during the initial interval are min-
imum; (3) the effective area of the reaction zone
during this interval is also very small, being a mere
point at the fitvinstant of reaction. In a word, all
of the vari8b]e factors affecting the rate of molecular
transformation during the first time interval of the
reaction are minimum, whiIe the variable factor affect-
ing the rate of disp~acementof the zone (mass move-
ment of the gases) is maximum. As the reaction

COMMI’M’EE FOR AERONAUTICS

proceeds within the bomb, the valuea of these variables
change. Figure 8 shows that during the fu~alinterval
the raix- of increase of molecular transformation
(pressure) is very great, while Figure 6 shows that
during this interval the rate of displaccrnenh of the
reaction zone is minimum: (1) The rate of propaga-
tion of the zone relative to the active gases has re-
mained constant; (2) the partial pressura (concentra-
tion) of the active gases during the final interval is
maximum; (3) the effective area of the reaction zono
is masinmm; it has incre=cd during the reaction
procsss from a point to a spherical surface nearly
equal to the inside surface of the spherical bomb. In
fact, all of the variable factors affecting the rate of
molecular transformation during the final timo interval
have- become maximum, while the variable factor
affecting the rate of displacement of the zone (mass
movement of the gases) has become minimum. In
consequence, the rate of dk!.placementof ~hozono dur-
ing the tired interval of the reaction becomes the same
as its constant rate of propagation within the gases.

The relation above described between the rate of
displacement of the reaction zone and the rate of
molecular transformation in a spherical bomb of con-
stant volume with central ignition may be representcd
graphically by drawing Pier’s curve with abscissas
divided not into equal divisions representing equal
time intervals, but into divisions representing the
position of the reaction zone in the bomb at the end of
each equal time interval. The resulting curve is

sloiyn by the dotted line in F~ure 9. As the outward
mass movement of the gases carrying the zone is more
and more retarded by the walls of the container, the
rate -of displacement in space and the rate of propaga-
tion would approach each other in value

. .
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During the progress of the reaction in a sphericaI
cent airier of constant volume with central ignition,
the distribution of pressure in the bomb takes place,
along with the requisite movement of the gases, con-
centrically with the ignition and with tbe bomb, so
that all points of the surface of the expanding zone
are entering the active gases under the same conditions
of pressure, initial temperature, and mass movement
of the gases. The zone, under these conditions, re-
tains its characteristic spherical form, as Lsmgen
assumed it would. It can not., however, retain this
form even in a spherical container if the ignition is
displaced from the center, because, in such case, the
outward movement of the gases carrying the zone wilI
then be retarded more in one direction than iDanother.
The characteristic spherical form of the zone will be-
come distorted; the linear rate of displacement of the
different areas wilI become different, due to a change
in the rate or direction of the mass movement of tbe
gases at that instant supporting it. The various
shapes that the zone -wiUprogressi~ely assume as the
reaction proceeds WN thus depend on the form of
container, the position of the ignition, and the 10CS.I
mass movements of the gases determined by these
physical conditions. b endIess confusion of pres-
sures, motions, and flame distribution only remotely
indicative of the reaction taking place, quickly de-relop
following ignition of homogeneous mixtures in irregu-
lar container forms. HOWgreatly this confusion may
be increased if the initial esplosive mixtures are not
homogeneous and are besides in violent agitation to
start with>may to some degree be realized from the
many photographs of this chaos that have been
published and, on the assumption fhat the observed
rate of displacement of the zone in space is its rate of
propagation within the gases, been extensively ana-
lyzed.’ Reaction figures secured under such indefinite
conditions are not favorable for estimating the signi-
ficance of the diflerent processes occurring simultane-
ously with every gaseous e.splosive reaction. But
since all of the processes and al of the resulting dis-
turbances connected with the esplosi~e reaction are
confined to the gaseous state, they can at least be so
controlled for examination and study that the visible
zones in which causes and their effects reveal them-
selves, shall be symmetrically distributed in time and
in space. (Figs. 2 and 6.) The entire play of forces
and their results consequent on the propagation of a
reaction zone within the gases, possess individual
characteristics; their rates of propagation within the
fluid are all dillerent and under fa-rorably determined
conditions distribute themselves differently in time
and in space. This distribution must remain sym-
metrical in any case if the form of container be sym-
metrically disposed about the point of ignition.

*For a recent dlsoussfon 0[ time-dfsplocement Phobwrapbfo figures of the nrmd
bnrr.dngrone In homogeneousfueklr mfxturesunder oondhionsapp+’oechfngthose
met wfth in gns eogfne%sw the excellent study of the reaction made by Duchen&
{Refererlco 2s.)

69WCHE-Y3

Instead of a spherical container of constant pressure
(fig. 2) or of constant vohune (fig. 6) with central
ignition in which the effective area of the spherical
reaction zone increases during the reaction process, as
the square of its radius, a symmetrica~ constant
vohune container With centmd ignition may be used in
which the effective area of the zone soon after ignition
remains constant and where W the processes and re-
suIting motions due to the reaction are confined to a
rectilinear distribution in space. The time-displacem-
ent figures of the zone obtained -with this form of
container are of interest in showing -rery clearly the
characteristics of the movements set up in the gases
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FIGURE10

by the reaction and tbe effect of those movements on .._
the recorded displacement of the zone and on the
incandescent gases behind the zone. F~g 10 is
characteristic of all the e.splosive reaction figures
obtained with this form of symmetrical device. In
their mos~ important, general characteristic, these
figures duplicate those obtained with the constant
-iolume spherical bomb with centraI ignition in that
they are rdl convex; the mean progresi~e displace-
ment of the zone is greatest near the beginning, least
near the close of the reaction. The pressure (concen-
tration) of the active gases the zone is entering is least
at the beginning, greatest at the close. h detailj
the characteristics of tha flgu.resrecording the time-
displacement trace of the zone as affected by the mass

-..,-
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movements of the gases determined by this form of
con tairier are also of interest; The resonance of the
gases in the cylinder is revealed both in the recorded
trace of the zone and in the incandescent gases behind
the zone. These resonance figures in the incandescent
gases reveal also by their trend the gross mass mow-
ment of the gases due to increase of pressure, and show,
near the beginning of the reaction, the motion due to
the reflection from the enda of the container of a
compression wave,

In this form of container the spherical reaction zone
originating at the point of ignition is immediately
distorhed by the M’erence in velocity permitted the
mass movement of the gases carrying its clifferent
parts. In the direction of the diameter of the cylinder
their motion is checked; the resuking increase of pres-
sure in this region can equalize itself only in the direc-
tion of the cy-bder’s le~gth; untd the ~one has filled
the lumen of the tube the mass movement of the gases
bearingit is accelerated in the direction of thecylinder’s
length. The initia~portion of the displacement figure
of the zone in a cylindrical container fired at any pointi
on ite axis will be concave. After the zone has Hled
the cross section of the tube, the displacement of its
two portions wiIl be influenced by the motions set up
in the gases by this initial impulse and its reflection;
it will be influenced rdso by the fundamental of the
gas-fled container. In case the ignition has occurred
at the center of the cylinder, the reaction processes of
the two portions of the zone together with the hydro-
dynamic disturbances accompanying them will be so
accurately distributed in time and space in the two
equal portions of the container that the time-displace-
ment traces of the zones may be superposed the same
as in the simpler cases of Figures 2 and 6, where the
zone retains its spherical folm.

If the cylindrical container just described is left
open at the ends, the homogeneous explosive charge
being temporarily retained by soap films spanning the
openings, then the ,reaction processes will run their
course neither under condition of constant pressure
nor of constant volume. In thk case the mass move-
ments of the gases carrying the zone will be less
impeded, and the fundamental of the container will
have a lower period. The zone, for the same initial
explosive mixture as that used in securing Figure 10,
will, in consequence, traverse the length of the cylin-
der and transform a less portion of its. charge and in
less time than under the constant volume condition
shown in Figure 10, The time-displacement figure
of the zone in the cylinder with open ends is shown in
Figure 11. The initial explosive charge was the same
in both C~(?S.

The examples above given (&a. 2, 6, 10, and 11) are
the simpIest cases that~an be given of the application
of the normal burning explosive reaction under condi-
tions of constant prwwureand of constant volume. In
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the order in which they are given these exarnplcs show
the cause of constant and of variable mass movements
of the gasea and the effect of them movements on the
time-displacement figures of the reaction zone. Only
under the simplest condition-that of constant prcssuro
(fig. -is it possible to dekmnine from the time-dis-
placement figure9 of the reaction zone the rate of its
propagation within the gases and to estimate the effect
of.different pressureson that rate. Under other condi-
tions, the mass movement of the gases in the coutaincr
become variable and indeterminate, especidly so in
containers of irregular form in reference to the igni tion
point. The examples as well as tho results that have
been given show that under these conditions the timc-
displacernent figures of the zone are misleading as to
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FIGURE11

the rate of propagation of the zone within the gases,
and give no indication whatever of the rate of molecu-
lar transformation where the pressure of the activo
gases is variable also.

b importantmharacteristicshown by theseexamples
and by the quantitative resultsgiven is that an incrcasc
in pressure does not increase tho rate of prcqmgation
of the reaction zone as has sometimes beeu assunmdin
order to account for the rapid rise in pressure shown
in time-pressure figures (fig. 4) of the reaction at its
close.

2, The Berthelot explosive w&ve,—As mentioned in
footnot~ on page 6, the same gaseous transformation
may take place by a number of ways so apparently
distinc.tiinoutward appearance and manifestation that
they have merited different familiar names: “Slow
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reaction,” “normal burning,” “expIosive wave.”
Since the final (equilibrium) result for the same initial
and end point of a transformation is the same -whether
reached by slow reaction, normal burning, or explosive
wave, some theory and formal mechanism have for a
long time been sought that shalIrepresent the tmnsfor-
mation in all cases! and at the same time account for
the inception and termination of the conditions on
which the various distinct and characteristic forms of
the same reaction depend. Quite unrelated to the
results of investigations carried out on these various
reaction forms, the impression is often met with that
the S1OWreaction, by temperature increase, gradually
merges into the normaI burning form, and that the
reaction zone of the normaI burning form by pressure
and temperature increase as imperceptibly passes into
the explosive wave. A much better grounded view-
point conceives the gross rneckism, if not the ulti-
mate microprocesses of the transformation of the
different reaction forms to be distinct and that defite
limits are determinate over which the reaction by any
particular form is possible. It is this viewpoint that
is responsible for the expressions ‘Explosive limits,”
“detonation hits,” and a vohtious Literature
recording a~erimental methods, results, and theoreti-
cal considerations in endeavors to give the expressions
quoted precise definition. (Reference 4, p. 16.) &
is we~ known, the esperimental results avadable indi-
cate t.htit these limits overlap badly and in those
regions where overlaping of the diflerent reaction
forms seems to occur, it is found that exceedingly
smaLlchanges in temperature or pressure, or both, may
cause enormous changes in reaction rates and in the
outward reaction manifest.atione of the same homo-
geneous gaseous mixture.

The present study, being concerned with the effect
of pressure on the rate of propagation of the normal
burning reaction zone, -willnaturally extend to a con-
sideration of the pressure-temperature conditions more
favorable to the inception of the explosive wave than
to a continuance of the normal burning form.

It was particuhrly pointed out for the simplest case
of the reaction under constant volume conditions-a
sphere with centd ignition-that the pressure-tem-
perature conditions rapidly produced in the final layer
of unburned gases at the walls of the spherical bomb
were more favorable to the development of the ex-
@osi~e wave than the conditions existing at any other
interval during the normal burning reaction prooeas.
It is evident that this iinal maximum pressure-tern- .
per&ture condition may be controlled in the spherical
glass container over a wide range. This may be
effected by a controI of initiaI pressure and mixture
ratio of the eqdosive gases employed. This method
was followed in scour.bg the time-displacement figurss
of the normal burning reaction zone shown in F’iie
6. Starting at atmospheric pressure and temperature

and with a mixture ratio of ~ that would just support

a normal burning zone, successive mixture ratios of
higher and higher volume potential, gradually ap-
proaching the maximum equivalent proportions, were
used. The figures so secured were aU convex and re-
sembled in every way Figure 6, except in rate of dis-
placement of the zone; this increased with increasing
volume potentiaI of the mixture ratio. This procedure
was followed untiI a mixture ratio was reached when,
at the close of the reaction, the glass gphere was finely
shattered. It broke apart, however, in rather large
pieces that were not projected far from the position of
the sphere. “AS soon as the compression of the
unburned layer becomes so great that M-ignition
follows, the resulting extraordinary powerful coru-
pression wave is propagated with very great velocity
and with simultaneous ignition, i. e., we have the
spontaneous development of the explosive wave.
Berthelot * * * showed that its rate of propa-
gation -wasindependent of pressure, of the diameter of
the tube which contained the explosive mixture, and
of the material from which the tube was made, and
hence that it represented a constant charackistic for
each mixture, the detmmination of which was of neat
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intemt.” The origgaI explosive gases at a pre&ure
-—

_-
of one atmosphere must be compressed to a degree to __
produce seIf-@ition, and “as the heat developed on
explosion causes a further rise in temperature of about
2,000” to 3,000°, that is to say, an increase in absolute -.
temperature to about four times the original value;
we are concerned with pressures considerably above .—
100 atmospher~. Not only the magnitude of this .-
pressure, but also the fact that it is produced so
suddenly, causes the extraordinmy destructive force
which distinguishes the explosive wave from that of
normal burning.” (Reference 13, p. 787.)

.-

By the method followed with the transparent spheri- ...—
caI bomb, the pressure-temperature conditions resuh-
ing in the formation of the explosive wave are gradually
approached and are tit developed at the o.Ioseof the
normal burning reaction in the layer of highly com-
pressed gases at the surface of the sphere. By follow-
ing this method, the reaction process extende only to
the formation of the wave; itdoes not include its sub-
sequent propagation, since the reaction is comp~eted
with its formatiom The time-displacement iigure of
the reaction zone from ignition up to the instant the
explosive wa~e is formed resembles in every way
Figure 6. In this particuhmcase where the glass bomb
failed to withstand the shock of the wave’s formation,
the rate of dieplacement of the normal burning reac- _
tion zone was onIy about 88 cmjs at the instant the
explosive wave was formed. The rate of propagation
of the explosive viave reaction characteristic of this
fuel [0.50 co]

[0.50 o# is about 160,000 cm/s @eference 10,’p.
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653; also N. A. C. A. Technical Memorandum No.
553, fig. 4), indicating a pressure within the wave of

. nearly 50 atmosphere—aImost instantly impressed
(Reference 9, p. 337; also “N. A. C!. A. Technical
Memorandum No. 505, p. 27), but since the gaseous
mass involved in this rapid pressureincrease was small
as compared with the mass of the glass container’s
walls, its principal effect was to-shatter the glaas, not
propel it. The mean pressure within the bomb did not
reach 7 atmospheres.

The shattering of a glass container can not be offered
as a criterion of an explosive wave reaction. Its
criterion is the constant rate of propagation main-
tained indefinitely in a given homogeneous gaseous

[0.40 CO] themixture. AIready for a mixture ratio [o Go ~21

reaction had become markedly violent at its close,
but the glass sphere of 1.5 mm thick Pyrex glass was
not broken, neither did it break for the mixture ratio

‘~~5 ~~, but it faiIed toof still higher potential

withstand the impact from the wave formed by the
[0.50 co]
[0.50 Ozl

mixture. Wendlandt (Reference 10, p. 653;

also N. A. C. A. Technical Memorandum No. 553,
p. 21) estimates the limiting mixture ratio of CO, OZ
that is capable of sustaining a quasi-stationary ex-

-c~]. Wendlanrlt’splosive wave as about

method, which wilI be referred b later on, approaches
this hniting mixture ratio from the explosive wave
reaction. By the method described, mding use of the
spherical glass bomb, the limiting mixture ratio value
is approached from the normal burning reaction. By
each method the same borderland is indicated.

The inception of the explosiva wave that has just
been described for the glass container of constant vol-
ume is the usual way by which the wave has been
produced and studied. It is aIso the usual mode of
its objectionable formation in industrial uses of the
gaseous explosive reaction as a source of power. The
preliminary normal burning stage of the reaction is
not, however, a necessary condition to ita formation;
that method serves only as a means to bring about the
requisite pressure-temperature conditions on which
its formation and maintenance depend; any other
means of producing a like quick and intense compres-
sion in the active gases that will support an explosive
wave will serve as well. (Reference 10, p. 641; also
N. A. C. A. Technical Memorandum No. 553, p. 6a.)
The normal burning zone dom not develop speed with
increasing preseuro (concentration) of the active gases
to become gradually the explosive wave. The transi-
tion from normal burning to the explosive wave is very
abrupt, so much so as to suggest discontinuity in the
mode by which the reaction proceeds in the gaseous
system, It is explained that the normal burning zone
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is propagated by heat conduction-a slow process, and
that the propagation of the o.xplosive wave depends
on the dynamic propertim of the gaseons fluid-its
degree of compression, temperature, and rate of prop-
agation within the gases being related. (Refercnco 9,
p. 336..and p. 350; also N. A. C. A. Technical Mcmo-
randurns No. 505, p. 25, and No. 506, p. 4; rmdRefer- -
ence 10, p, 235 and p. 243; aIso NT.A. C. A. Technicnl
Memorandums No. 554, p. 13 and p. 24.) “Molcculnr
theoretical considerations, such as those by which
Berthelot-and Dixon explained the phenomcnrt of the _
explo&e wave seem as unnecessary in this case as
they are for the treatment of acoustics.” (Refer-
ence 13, p. 788.) The analysis of the mplosivw wnvo _
based. on the dynamics of the gaseous fluid and the
heat of reaction Q, corresponding to the stoichiornetric
equation for the reaction, gives results that tirein close
agreerngnt with observation. In the counso of his
analysis Jouguet (Reference 6) calculated some 20
d.iflerent detonating mixtures; his results agree excel-
lently with observed values. The table given below .
is taken from the work of &ussard. (Ibferencc 7.)
It will illustrate also the agreement l.mtweenthe values
calculated for the normal explosive wave and its ._
velocity as observed by Dixon and by LO Chatelicr.

Normal ezplositx wave

-1-
Coxnp3s1tionof exp1031vemixture Tab,

& o AH.......-....---........ .. %W3
$$II: o AN._. -_._. - . . . . . . ----- %596

H: O 50 . . . . . . . . . . . . . . . . . . . . . . . 2590
Cd+&..I . . . . . . . . . . . . . . . . . . . . .
CE+4 02-.. -.-... --. —.. -------- t~
CJ3;+1O of--------------------- ~ 6!32

1

1Dixon,

(yc)sctl

mh

i La Chatellcr.

—

Pm cent
diflwcnm

—.

A curve showing the observed velocity of propfiga-
tion of the normal explosive wave for all mixturt3ratios
of a given fuel rmdoxygen-say of CO and Or(Refcr-
ence IO, fig. 4) that will support this form of reaction,
resembles in every way, except in magnitude of speed,
the corresponding normal burning velocity curve
drawn for the same gaseous mixtum ratios (fig. 3, this
report). In both these cases maximum velocity corre-
sponds to equivalent proportions of fuel and oxygen.
In all cases, however, the limits or borderland between
the different-forms .of the same reaction still remains
obscure. The dynamical theory just referred to, rep-
resented by Becker’s Figure 8, seems able to determine
in any possible case the conditions under which tlm
wave.mce formed wilI remain indefinitely quasi-sta-
tionary in the gaseous mkture; that theory will predict
also its velocity of propagation. Becker’s analysis
would likewise suggest a possible relation between tho
rate of propagation of the normal burning zone and the _.
propagation of a normal explosive wave in the same
gaseous mixture. His analysis, however, shows dis-
continuity between these two gross forms of the reac-
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Observation abundantly supports this theoretical
result.

[1The mixture ratio of the explosive gases & ,isat

least one of the facto= determining in any case pos-
sible explosive wave conditions. There are evidently
other importut factom. In attempting to determine

[1~ that would just support anthat mixture ratio of o,

explosive wwre, Wendlandt (Reference 10) made use
of an ingenious and highly instructive method: The
explosive gaseous mixture was held in a long glass
tube. & intense impact wave of constant value was
transmitted to one end of this tube. The introduc-
tion of the wave caused ignition of the gases and the
propagation within them of a like compressional wave.
The constant impact wave used to produce ignition
and an explosive wave in the CO, 02 mixture was that
corresponding to the 2Ef.a+ O%~explosive wave. This
initial impulse soon aft= entering the CO, OZ mbrture
becomw the constant explosive wave ohsracteristic
of the gaseous mixture in the tube. Its veIocity of
propagation was then measured. The potential energy
of the succeeding CO, Oz mixtures used -wasgradually
reduced and the velocity of the wavea measured.
Their velocity and pressure decreased. Finally a
mixture ratio of these two gases was reached that
faiIed to support a quasi~tationary wave. Its pres-
sure, corresponding temperature, and velocity rapidly
felI off tilI the normal sound wave in the gases was
reached. During this pressure-temperature-velocity
decrease a condition was reached where the tempera-
ture of compmsion failed to ignite the gases and the
flame went out, although the mixture ratio used would
still support a vigorous zone of normal burning if
ignited in the usual way.

Viewing the inception of the explosive wave the
other way around, that is, by gradually arriving at that
mhture ratio of CO, OZin which the requisite prwmre-
temperature conditions necessary to its development
are produced by the normal burning reaction at con-
stant volume, it seems probable that the inception of
the wave with its accompanying flame is in this case
also unrelated to the flame of the normal btig
zone—ignition by compression originating in the
unburned gases at some other point than at the normrd
burning flame front. Dixon (Reference 25, p. 8;
?!?. A. C. A. Technical Memorandums Nos. 547 and
548) has observed that when ignition is induced in an
explosive gaseous mixture by quick compression, the
prs.asureand temperature distribution within the gases
is not at once uniform; probably also, the mixture is
never quite homogeneous; at any rate ignition takes
place in the gases not simultaneously throughout
the gaseous mass as might be expected, but first
appeam at some shqdy localized point. This fact
would seem to account well for what has often been
considered, without much warrant, an abnormal stage

in the reaction process of gaseous explosions: It is
noticed in time-pressure figures of gaseous explosive
reactions induced by compression, that the time-
preasure trace rises quickly till ignition occurs. The
volume remaining const.mt after this instant, it is
noticed that the pressure drops rapidIy at flret, then
more slowly till it becomes constant. From this
position of constant prsure on until the end of the
reaction, the form of the time-pressure trace corre-
sponds to Pier’s time-pressure curve for ignition orig-
inating at a point. It is suggested that the foIIow-ing
may have taken place: A quick rise of temperature
nearly to the point of ignition has Mected all of the
gases foIIowing the initial compression imposed, and
ignition has occurred at some point within the gases.
The heat of compression is rapidly withdrawn by the
extensive, rdatidy cool surface of the bomb, while
the srmdl surface of the expanding reaction zone that
originated at the localized area of ignition, noticed
by Dixon, does not supply heat (of reaction) at first
as rapidly as the heat of compression is lost at the much
Iarger surface of the bomb. But as the effective
surface of the reaction zone increases, and the heat
10SSSSat the surface of the bomb decrease, there w-N
arrive a time interval during the process when the loss
and gain of heat are equal and while the pressure, for
a short interval, remains constant. After this con-
dition is reached, the progress of the reaction and its
time-pressure curve folIows the normal order given by
Pier’s figure for the reaction.

Although the explosive wave, once started, is found
to be independent of container, the inception of the
wave in agaseoua system is very dependent on container
form and on the position of the ignition. This is because
these two structural factors so largely determine the
local mass movements of the gases and in conse-
quence the objectionable local temperature-pressure
conditions most liable to result in the formation of an
explosive wave. The recognition of the importance
of container desigg and ignition position in confining
the reaction to its normal burning form, has resulted
not only in marked improvement in attaining the end
sought, it has resulted also in the possibility, through
structural design aIone, of influencing to advantage
the rate of mokmdar transformation and period of a
given gaseous charge. This it has mainly aceornpIished
by determining the efFectivearea of the reaction zone
during the course of the transformation and pressure
rise. Ml of these mechanical devices for con6ning
the reaction to its normal burning form, refer to the
mechanics of the engine’s fluid; the tiewpoint of the
problem is the same as that underlying the mechanical
analysis of the explosive wave. Over and above their
great vaIue in the Line of industrial and theoretical
development, the advance made in this direction has
also rcwulted in a growing appreciation of the impor-
tance of further knowledge of the reaction’s charac-
teristics that should unite more closdy the mechanics
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of the engine’s fluid with the fundamental principles
underlying its molecular transformation; for in any
practical application of the reaction as a source of
power, these two phases of the problem must continue
to go hand in hand. (Reference 8, p. 23; also Refer-
enca 27, pp. 384, 457, etc.)

The technical problem of confining the explosive
reaction to its normal burning form in which it is alone
applicable as a source of power in the engine has been
approached also from the standpoint of the character-
istics of the fuel’s molecular (energy) transformation.
The probl~ from this standpoint is one of fitting the
characteristics of the fuel to the reaction conditions
imposed by the working engine. This most funda-
mental phase of the problem arises not only as a
natural consequence in the development of empirical
progress made, it is quite as much the result of t=hnicaI
and theoretical advance already made and extensively
applied in the industrial production of synthetic
products, including possible fueIs. The influence of
this highly developed industry on the aIlied industry
of refining natural produch has already led to com-
mercialized blends and antiknock preparations de-
signed to confine the explosive reaction to its normal
burning form. The line of development just men-
tioned rests on the w&established ~aws of chemical
equilibria and would iind it of incalculable value if
as reliable and well-established set of principles and
laws were avaiIable also in the field of chemical kinetics.
The development of the steam engine and the for-
mulation of the thermodynamic laws went hand in
hand. It seems probable that the development of the
internakornbustion eigine and the formulation of
basic kinetic principles dl follow a like course. “The
probkm of reaction velocity is probably nearer the
heart of most chemists” (certaidy of most auto-
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motive engineers) “than anything else in their wholo
range of activity. Rates of reaction are the factors
that determine yields and costs, and possibilities and
their theory must eventually succtunb to scientific
treatment.” (Reference 16, p. 323.)

At the beginning of this note it was mentioned that
since the final (equilibrium) result for the same inital
and end conditions of a given transformation is the
same by whatever form of reaction process it is reached,
some theory and formal mechanism scams called for
that shall represent the transformation in all cases,
and at the same time account for the inception and
termination of the conditions on which its various,
distinct and characteristic forms of reaction depend.
Recently (Reference 11, p. 864) this possibility bus
been attributed to the kinetic theory of chain reactions.

9. Super-Charging.-The Constant l%ssure 330mb
(as well as its complement, the spherical bomb of
Conatkint Volume with central ignition), closely
approaches an ideal experimental working engine; its
heat &d friction losses are reduced to a minimum and
the engine’s working fluid is expelled at initial pressure.
The work done by it in its short reaction period is
measured by the expansion of the charge against the
surro~ding pressure pi,

w=p, c (r’’– P)
and for unit charge, --

()~=Pi c $–l “

By the constant-pressure method that has been de-

scribed, it was found that the factor
()

$-1 was

independent of pressure; that is, the work done by
unit wolume charge of the gaseous fuel is proportional
to its pressure pj.

BUREAUOFSTANDARDS,
WASHINGTON,D. C., June 14, 1$30.
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